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1. INTRODUCTION

Active or passive observations of targets on the surface of the

earth at a frequency of 95 Gliz may he adversely affected by the presence

of rain or cloud along the observation path, in the vicinity of the tar-

get, or above the target. The effects of rain or cloud on system perfor-

mance may be simulated given the characteristics of the system and models

for attenuation and scattering by the rain or cloud particles. The

validity of the simulation results depends upon the veracity of the rain

or cloud model. In this brief report, models for attenuation and scat-

tering by rain are reviewed and compared with experimental observations.

Models for the calculation of attenuation due to clouds and the clear

atmosphere are also presented.

Calculations of the scattering properties of rain drops have been

made many times over the past four decades. The results of these cal-

culations have been used to model attenuation effects for radar and com-

munication systems and to calibrate weather radar systems for use in

measuring rainfall. The adequacy of the calculations for the estimation

of attenuation over a wide frequency range has received considerable

attentio h.,"Medhurst (1965) reviewed the results of experiments made

prior to 1964 and concluded that the measurements and theory did not

agree. He suggested that a purely empirical approach should be used for

the estimation of specific attenuation at a given rain rate. deBettencourt

(1974) also reviewed the state of the experimental observations made

prior to 1972 and concluded that an empirical procedure should be used

for the estimation of specific attenuation although he could not find

conclusive evidence that the theory and observations disagreed. Crane

(1971, 1975) and Waldteufel (1973) reviewed the available data and reached

the conclusion that theory and observation do agree and that the theore-

tical relationship between specific attenuation and rain rate should be

used; they found that the difficulties lay in the problems of measuring

the rainfall intensity along a path. Crane (1974) in a carefully con-

"1 trolled experiment showed that good agreement existed between measurements

and theory. Joss et al (1974) reached a similar conclusion after care-

ful analysis of another experiment. Today, the adequacy of model compu-

tations for the estimation of specific attenuation for a given rainfall

rate is generally accepted for frequencies below 40 Gtlz.



A similar situation exists for the estimation of the backscatter

cross section per unit volume (reflectivity) for a given rain rate. At

frequeacies below 10 G(Iz, the adequacy of the theory for the calculation

of reflectivity is well established. Uncertainties in the relationship

between reflectivity and rain rate are due primarily to uncertainties in

the drop size distribution that should be used for the rain filled volume.

Secondary problems exist associated with the drop shape distribution to

be used but the corrections for shape are generally less than 2 dB.

Crane and Glover (1978) recently reviewed the calibration procedures for

the SPANDAR S-band radar at Wallops Island, Virginia and found that with

a good radar calibration procedure, a detailed knowledge of the drop

size distribution and corrections for drop shape, radar observations and

cross section estimates based on rain rate observations agree to within

0.9 dB rms. The uncertainty in the comparison was primarily associated

with difficulties in estimating the rain rate for comparison with the

radar measurements.

Thus, it is concluded that models for the estimation of rain effects

are well established for use at frequencies below 40 GHz. At higher

frequencies the possibility of uncertainties still exist. The uncertain-

ties are primarily associated with the distribution of rain and cloud

particles in the region of interest and are not associated with theore-

tical problems.
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2. ATTENUATION AND SCATTERING BY RAIN
AT FREQUENCIES ABOVE 20 GHZ

2.1 Attenuation

Model calculations for specific attenuation and reflectivity have

been available for many years. Crane (1966) made a series of calcula-

tions using the standard assumptions: spherical rain drops with homo-

geneous dielectric properties distributed in space in accordance with a

Poisson process. He reported the results of calculations made for 35,

70, and 94 GHz using both a model drop size distribution and a number of

measured distributions. More recently, Crane (1977) published an analysis

of the sampling errors associated with drop size measurements which showed

that a significant fraction of the spread of the calculations for indi-

vidual drop size distributions about calculations based on the use of

the Laws and Parsons distributions (Laws and Parsons, 1943) was caused

by sampling effects.

Calculations of specific attenuation and of the backscatter cross

section per unit volume are presented in Figures 1 and 2 respectively,

for two model distributions, the Laws and Parsons (L&P) distributions

(Laws and Parsons, 1943) and the Marshall-Palmer (M-P) distribution

(Marshall and Palmer, 1948). The essential difference between the two

distributions is in the number of small drops, the M-P distribution con-

taining significantly more small drops than L&P. The results of the

calculations show that the number of small drops can seriously affect

the estimate of attenuation at frequencies above 30 GHz and rain rates

* above 10 mm/h.

The summary of observations compiled by deBettencourt (1974) shows

good agreement between the theoretical estimates and observations when

the observations are culled to remove (1) observations made prior to

1950, (2) observations made with a large separation between the measure-

ment path and the rain gauges, and (3) observations with known diffi-

culties in the interpretation of the rain gauge data. The summary figure

from deBettencourt is reproduced in Figure 3 together with the recent

published measurements of Sander (1975). The questionable data are

marked by (X), the acceptable data by (e). The theoretical power law

curve was based on a regression of a large number of calculations based

3
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upon individual drop size distribution measurements reported by Crane

(1971). The theoretical data are close to the L&P distribution results.

The k and b coefficients in the power law relationship between specific

attenuation and rain rate show good agreement between observations and

theory at frequencies up through 100 GHz.

Multiwavelength radar measurements by the Ballistic Research Labor-

atories (BRL) at McCoy AFB in Florida show a similar good agreement

between measured and estimated specific attenuation values at both 70 and

95 GHz. The raw observations obtained from Richard and Kammerer (1975)

together with the theoretical calculations made using both the L&P and

M-P distributions are presented in Figures 4 and 5 for 70 and 95 GHz,

respectively. With the exception of some apparently spuriously low

values of specific attenuation at rain rates between 1 and 10 mm/h, the

agreement is good. The data were obtained by comparing the cross sec-

tion of a corner reflector observed during rainy conditions with the

cross section expected in the absence of rain. Considering that the

rain was not measured along the relatively short path (450 m) but orly

at the target and that the measurements depend upon the radar calibra-

tion, the agreement is excellent.

2.2 Backscatter

Very little data exist for the verification of the theory for the

estimation of the backscatter cross section per unit volume for frequen-

cies above 20 GHz. However, adequate checks on the theory have been made

at lower frequencies and no complications exist which could invalidate

the theory at one frequency after it has been validated at another. The

multiwavelength data obtained by BRL do provide additional evidence and

support for the theoretical calculations at higher frequencies. Figures

6 through 13 provide summaries of the cross section measurements made

by BRL at 9.4, 35, 70, and 95 GHz. The measurements displayed in Figures

6 through 9 are reproduced from the report by Richard and Kammerer (1975).

The measurements displayed in Figures 10 through 13 are reproduced from

the companion report by Currie et al (1975). The two sets of figures

represent two different analyses of the same data.

Richard and Kammerer reduced A-scope photograph data. They deter-

mined the peak rain reflectivity from the A-scope data using the radar

7



100

Specific Attenuation 70 GHz

0 Observations (Richard & Kammerer, 1975)

0

co 10

o 7 /C

Toi alculations/

/ /

Least Square Fit to Data

0.1
0.1 1 10 100

Rain Rate (mm/h)

Figure 4 Specific Attenuation Observations at 70 GHz

8

. --.. . . .. . . .. . . . i . . it III . . .... i/ i l



100

Specific Attenuation 95 GHz

* Observations (Richard & Kammerer, 1975)

ca 10

0

Theoretical Calculations

u M-P
1 -

L & PLeast Square Fit to Data

0.1 1
0.1 1 10 100

, Rain Rate (mm/h)

Figure 5 Specific Attenuation Observations at 95 GHz

9



Peak Reflectivity 9.375 GHz

10-4 -

/* Observations (Richard & Kammerer, 1975)/

/ /S/

E 105

E
.2/

& L & P Theoretical Calculations not /
Adjusted for Processing / . ,/*

1 Theoretical Calculations
Adjusted for Processing

L&P

,1///
S/ /

M / 5

10- /
I/I

L /:/

//K Least Square Fit to Data

10-8 -
0.1 1 10 100

Rain Rate (mm/h)

Figure 6 Peak Reflectivity Observations at 9.375 GHz

10



10.1

Peak Reflectivity 35 GHz

* Observations (Richard & Kammerer, 1975)

10-2 E/

Theoretical

- 1 4  Adjusted for
Processing L & P

M-P TheoreticalCalculationss no/io/ •Addusteddforr/

L & PAdjusted for/ / Processing

/ A - Least Square Fit to Data

- 10-5 I 

0.1 1 10 100

Rain Rate (mm/h)

Figure 7 Peak Reflectivity Observations at 35 GHz

} 1 1



10-1

Peak Reflectivity 70 GHz

* Observations (Richard & Kammerer, 1975)

10-2

E
E
E 0....
0.

Least Square Fit to Data

Theoretical
Calculations
Adjusted for

.1 Processing

. 10-4 -
y L&P

Theoretical
Calculations not

Adjusted for

Processing

0.1 1 10 100

Rain Rate (mm/h)

Figure 8 Peak Reflectivity Observations at 70 GHz

12



10-1

Peak Reflectivity 95 GHz

0 Observations (Richard & Kammerer, 1975)

,~10-20

E

E

C%

10-

002 Least Square Fit to Data -

10- L & P L& P
TheoreticalTheoretical .0 Calculations not

Calculations Adjusted for
Adjusted for Processing
Proce~

0.1 110 100

Rain Rate (mm/h)

Figure 9 Peak Reflectivity Observations at 95 GHz

13



10-4

-7 /

U -Range 0.20 km

A -Range = 0.37km /
5 0 -Range = 0.60 km

10

2

" 10-6  /4f

.0L & /
~~~Theoretical ,4

' t Calculations / A

~~~~~10"7 for Processing/ ntAjse/•

C IA

08

--

~Reported& P Least
- Theoretical Squares Fit

Calculations
n Adjusted for

'~ i~-~ fProcessing '/ A

0.1 1.0 10 100

Rain Rate (ram/h)

Figure 10 Average of the Logarithm of Reflectivity

Obtained by Carrie et al (1975) at

9. 375 GHz

14



10,2

* -Range = 0.20km 0 00
A-Range = 0.37 km 0 -
0 -Range = 0.40 km 0

0-3 -Range =0.60km

0/

. LO e /"

CLqTheoreticalu iC - Calculations0
.0not Adjusted / /

for Processing

Rain/ Remm/hd

Figr 11 vereheLgrihaflelctvt

Obtcuainedb urce l(95 t3

Us

I0

1 Adjustedted

10-6

0.1 1.0 10 100

Rain Rate (mm/h)

Figure 11 Average of the Logarithm of Reflectivity
Obtained by Currie et al (1975) at 35 GHz

is



10-1

* -Range 0.20 km
A-Range = 0.37 km

o -Range =a040 km
0 -Range =0.60 kmU

10-

E

* AO

Cacu aton A
not Aduse

10- L&rProesin

Theoreticaletical

neorteAjtd Aduse Th ora
Les PrforProcssin

RainCalculations

Obtind b Crai Rat (mm/h) )at70G

16



10-1

U -Range =0. 20 kmn
&~ -Range = 0. 37 km

0 -Range = 0.40 km

10,2 * -Range = 0.60 km

00o
> 10-3 0 a. *

Theoretical
* Calculations

10-o4  not Adjusted %
frProcessing0

L& P Reported
Theoretical Least
Calculations Square Fit
Adjusted for
Processing

10-6 I

0.1 1.0 10 100

Rain Rate (mm/h)

Figure 13 Average of the Logarithm of Refle-tivity

Obtained by Currie et al (197FI at 95 GHz

17



returns from range intervals in front of and behind the corner reflector

and reported the peak backscatter cross section per unit volume for the

range to the corner reflector. Precise radar calibration and attenuation

estimation were not necessary since the corner reflector cross section

value was corrected for possible rain contamination and the peak rain

cross section value was calculated using the known cross section of the

corner reflector as reference. The processing adjustment made to the

theoretical calculations prior to comparison with the observations in

the figures is required to compensate for the use of the peak value

instead of the logarithm of the average reflectivity as assumed in most

theoretical analyses. The unadjusted L&P curves are also presented for

comparison. From prior experience, it is known that the signal return

(pulse to pulse variation) from rain has a Rayleigh distribution (Atlas,

1964). The highest signal value from 50 independent samples from a

Rayleigh process is 6 dB above the mean (for a linear receiver, e.g. see

Crane, 1973). Since roughly 50 independent pulses were sampled in the

process of detecting the peak value, a 6 dB adjustment was used for the

theoretical calculations plotted in Figures 6 through 9. Richard and

Kammerer experimentally determined the adjustment to be 5.9 dB.

The data reported by Currie et al (1975) were obtained from the same

set of measurements on the same radars as the BRL results. They used

magnetic tape recorded A/D output from the logarithmic receiver at a single

range gate which could be moved in range. In post processing analysis,

they averaged the recorded output and converted the values directly to

cross section per unit volume estimates. In transforming to reflectivity

estimates the path attenuation had to be estimated and used to correct

tne i'adar observations. They used the empirical relationship of deBetten-

court (1974) and the measured surface rain rate values to make the atten-

uation estimates. Since that relationship tends to overestimate atten-

uation (see Figure 3), the correction will produce reflectivity estimates

that are too high at high rain rates. This tendency is evident in their

data. The data also were not adjusted for the difference between the

average of power and the average of the logarithm of the power for a

Rayleigh process (Atlas, 1964). This last adjustment (2.5 dB) has been

included as a correction to the theoretical calculations on the figures

presented in this report. Since the data reported by Currie et al require

18



both a precise radar calibration and precise attenuation correction (the

total attenuation values are as large as 10 dB two way for the 450 m path

at rain rates in excess of 10 mm/h) they are considered to be less reli-

able than the BRL results and will not be considered further in this report.

The BRL measurements (Figures 6-9) are in excellent agreement with

the adjusted theoretical calculations at frequencies of 35 GHz and above.

The theoretical calculations are known to be valid at 9.4 GHz although

the BRL data show otherwise. The 9.4 GHz measurements are, however,

highly suspect because the corner reflector had a relatively low cross

section at this frequency and the antenna beamwidth was not large enough

to suppress sidelobe contamination and multipath effects. BRL claims

that the latter problems were significant at low rain rates. At 35 GHz,

the reported least square fit power law relationship for the BRL obser-

vations is within 2 dB of the adjusted theoretical calculations. At

95 GHz, the reported least square fit power law lies between the two

sets of adjusted theoretical calculations (L&P and M-P). It is known

that the L&P distributions tend to underestimate the number of small

drops while the M-P distribution tends to overestimate the number of

small drops. Based on experience, the observations should lie between

the two distributions. However, the precision of the BRL measurements

is not great enough to select one drop size distribution model over the

other.

In conclusion, a careful examination of the available observations

is sufficient to reveal the veracity of the theoretical calculations.

Insufficient data are available to select the best drop size distribu-

tion for use with the theoretical calculations. Since the drop size

distribution may change from one location to another depending upon the

existence of ice aloft in the storm, the relative humidity of the envir-

onment surrounding the falling drops, and the presence of low level

clouds or fog, the establishment of the appropriate dropsize distribu-

tion is a meteorological problem, not a question of the adequacy of the

theoretical model.

19



3. THEORETICAL MODEL FOR PROPAGATION THROUGH CLOUDS

The attenuation caused by either rain or clouds is a result of two

phenomena - absorption and scattering. In this section, results are

presented for the theoretical estimation of attenuation and backscatter

cross section based on the use of a continuous distribution of cloud

particle sizes within a given volume.

The full Mie theory of scattering has been applied in the milli-

meter wavelength range because the larger droplets have internal dimen-

sions comparable in size to the wavelength in water. The use of the

scattering properties of a single droplet in the description of the

effects of cloud and rain also requires a model of the drop size distri-

bution and an assumption about the statistics of drop location within a

volume. The Gamma distribution is used for cloud droplet spectra. The

drop size distribution is expressed as

N(r) = A r exp {-B r C2

where A and B are defined scale parameters, CI and C2 are slope para-

meters and r is the drop radius.

Figure 14 shows the specific attenuation due to both water and ice

clouds with liquid water contents of 0.2 and 2.5 cc/m 3 . The computations

for ice are identical with those for water with the exception of differ-

ences in indices of refraction. The liquid water content also has to be

interpreted as the ratio of the volume of ice to that of air in cc/m .

The index of refraction for ice is assumed to be constant, 1.78 - i(0.0024)

throughout the millimeter wavelength range. For water, it varies from

5.243 - i(2.984) at 20 GHz to 4.0039 - i(2.5186) at 35 GHz and 2.7098 -

i(l.4488) at 95 GHz. In the figure it is evident that the computed attenua-

tion due to water clouds is over two orders of magnitude greater than

for ice clouds with the same liquid water content. Furthermore, the

attenuation at 95 GHz is higher than that at 35 GHz by a factor of 2 to

3 (3-4 dB) for all cases considered.

Figure 15 shows the computed backscatter cross sections per unit

volume due to the same types of clouds. The relative differences in

backscatter cross sections between water and ice clouds are less than

those for attenuation. However, the frequency variation is more pronounced,

an increase of close to two orders of magnitude from 35 to 95 GHz.

20
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Figure 16 is the uplooking brightness temperature for a standard

mid-latitude atmosphere (spring/fall) with an integrated, columnar water

vapor density of 1.9 gm/cm 2 and a low-lying stratus cloud (500 m - 1000 m)

with liquid water content of 0.25 cc/m 3 . The result was obtained using

the Gamma distribution relationship with C= 6.0 and C2 = 1.0. In com-

parison with Figure 17 for a clear atmosphere, there is little evidence

of the effects of cloud at frequencies between 20 and 65 GHz. On the

other hand, a substantial warming of more than 50°K is evident due to

the presence of cloud at freuqencies between 70 and 95 GHz. Figure 18

is the uplooking emission temperature for the same atmosphere as Figure

17 with a cirrostratus (ice) cloud inserted between 5000 and 7000 m.

The cloud is composed of ice with an equivalent columnar liquid water
2content of 0.021 cc/cm . There is no noticeable effect of the presence

of the ice cloud because of the low attenuation by ice. Figures 19 and

20 are the uplooking brightness temperature values estimated for two

different rain plus cloud conditions, rain at the surface of 4 mm/hr and
15 mm/hr, changing to cloud at the freezing level (2300 m). The cloud

liquid water content was assumed to be 0.25 g/m3 and the cloud was

assumed to extend to the -100C isotherm (3900 m). The warming effects

indicating higher attenuation are especially pronounced at frequencies

above 30 GHz.

Large ice particles which occur in sleet, or frozen rain, graupel,

and hail produce pronounced variation in attenuation (Figure 21) and

backscatter (Figure 22). For example, specific attenuation values are

always lower for ice than for water at 35 GHz (see Figures 1 and 2 for

water), but at 95 GHz the specific attenuation for ice are close to, or

even higher than, those for water. It is also noted that the backscatter

cross section values for water (rain) decrease from 45 GHz to 95 GHz

while for ice, the trend is reversed.
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4. THEORETICAL MODEL FOR THE CLEAR ATMOSPHERE

The gases that absorb energy in the 20-95 GHz range in the atmosphere

are oxygen and water vapor.

Water vapor, because of the electric polarity of the water molecule,

produces rotation absorption lines at 22.2 GHz, 183 GHz and at higher

frequencies. Its absorption is dependent upon the water vapor content

of the atmosphere.

The total zenith attenuation in the vicinity of 60 GHz (Figure 23)

is due primarily to the resonance of oxygen molecules caused by magnetic

depole rotational transitions. The resonances occur at a number of fre-

quencies within the 50 to 70 GHz range. Each resonance line is broadened

by molecular collisions in a manner which is pressure and temperature

dependent. As a result, in the 50 to 70 GHz range, these lines combine

to form a continuous absorption region at a pressure of one atmosphere.

The most commonly used expression for theoretical line shapes was

defined by Van Vleck and Weisskopf (1945). Recently, Rossencrantz (1975)

improved the analysis for better agreement with measurements.

Figure 23 shows the water vapor, oxygen and total atmospheric atten-

uations for the clear midlatitude standard atmosphere (spring/fall) with
2

an integrated water vapor content of 1.6 gm/cm . It is evident that

between 20 and 30 GHz the attenuation due to water vapor dominates.

Between 45 and 70 GHz, the attenuation is due to oxygen with a sharp

increase from 50 to 60 GHz and a sharp decrease from 60 to 70 GHz. In

the 75 to 95 GHz range, there is little change in attenuation and the

contribution from water vapor starts to dominate again.

Figure 17 shows the uplooking brightness temperatures as a function

of frequency with the same atmospheric conditions as in Figure 23. Two

zenith angles, 00 and 600, are used to demonstrate the variation in

atmospheric path lengths. It is shown that between 55 and 65 GHz the

emission temperature stays almost constant indicating the effect of

saturation by oxygen.
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